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‘1 Advanced Construction Stage Analysis of High-rise Buildings
Considering Creep and Shrinkage of Concrete
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Guangzhou International Finance
Commerce Center Complex Center
City Dubai Taipei Shanghai SH Hong Kong HK Kuala Lumpur Manjing JS Chicago IL Guangzhou GD

Name Burj Khalifa Taipei 101 Shanghai World Financial Center Intemational Petronas Towers Nanjing Greenland Financial Willis Tower

Country United Arab Emirates Taiwan China China Malaysia China United States China



Axial strain in micrometers

[ 1
O 0 O Measured (steel)
O O O Measured (concrete)

@ ® ® Measured (AVG)
Predicted

Elapsed time in days
Comparison of measured data and predicted shortening amountof TC18

e | Ty

\ |

g i

ROCRI L T g e
. ?su;kt—

F T

r | ) - '1\/ T - / i

& J 1 U1l e 918 ] s

Y 1 --«-A '-,u'tp‘s
il -y . » Ly F TN R

I 1 M IFYREYR 22N Y |

L

3

‘““I““““l“““millllllmmmi

+i|-[
i
|
i
i




848m above ground, = Khalifa
currently tallest building

in the world. _

Lateral movement was P T e e b o o ot o )

(With Recentering)

predicted more than
100mm and was verified
by GPS survey.
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Problems

'Fhe ovements in the stcure of taII buﬂdlngs cause problems to non-structural
element of the building due to dimensional incompatibility.
This 13-year building has shortened 90mm after construction and causes the sealing

to spaII off between slab and vertical p|pe
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Problems

building, the bracket for elevator rail o'\‘/edl With |

hat it scratched down the elevator rail by 90mm. - "
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Problems
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at Design
* Member < Material
section selection

>
-

during Construction
* Adjustment or delay joint

» Design or material
change

* Structure preset or
compensation (last
resort)




Building Movement Control
Monitoring

Time-dependent

‘ Material testing
Construction

stage analysis

A ;l ﬁ aliciln Bl | il B s = 5 J Bl BN R, d- L T -




Construction Stage Analysis
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Normal Structural Analysis
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Construction Stage Analysis

Construction stage analysis usually results in more member forces in lower levels and
ess member forces in higher levels.
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Commercial
software
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INTEGRATED SOFTWARE FOR
S |

Engineer

Several commercial software for structural analysis considering construction stage is
on the market but the are not seC|aIIy focused on tII bU|Id!__ngs
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Newly developed program performs 3D staged analysis of taII uildings considering |

time-dependent concrete properties. o=

n: 13984, f 8724, p: 19865, 5:0, d: 0, @n: 0, @£ 0, @p: 0, @5 0, @ 0 Select |N-mm  <||degree  +|
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Algorithm
In the past

Start

Input basic data 7 Construction
! time at upper stories
— - >
—P> E”'ld'"ﬁl 511[;”95 Construction time
rom ’I‘ on at level i
Calculate coefficients NO YES
from time effect
I || UPTO shortening | SUBTO shortening | |
Calculate elastic, creep, at level / at level i
shrinkage shortenings | I
i<n
YES
NO
Finish

In the legacy column shortening program, each of vertical members is evaluated for

its individual deformation considering the construction of each story. e |
N S LT R S R TR R Ry ==y U




Start

¥

Input basic data

+

Construction stages

!

Construction stages
from k=1to N

Revised
algorithm

fromi=1ton

7 y

Elastic frame analysis UPTO Cumulative
¥ i SUBTO Construction time k
e 41 deformation >
Time-dependent deformation S AL ARG at stage | Caonstruction time i
from ito (i + 1) — \1/_ MO YES
Elastic frame analysis * “'
due to deformation UPTO SUBTO
‘ > movement at movement at
. N stage k stage k
Determine nodal position :
at construction stage (i + 1) — e
YES
MO
Finish

Newly developed software performs 3D analysis based on time-dependent creation

and extinction of each node and can divided the movement by multlple target days.
ol ke . A DU G e B R o B R B M Wl A 5 L AL TEE MW




Define Materia

Materi®| C3h - i

2 Material Data
specified concrete strength W N/mm2
Mass Density [0 ke/m3
Curing Condition [waTER  ~]
Stone Type [QUARTZITE ~]
Cement Type [TypeT =]
Air Content (%) g %
Water Content ﬁﬁﬁ— ka/m3
Cement Content 409 ka/m3
Fine Aggregate percentage (%) 40 %
Slump = mm
Aggregate Content B0 ke/m3

ditional Condtion

Ambient relative humidity 500 %
Yalurne to Surface Ratio B mm

= When Analysis Running . be Calculated with Section Data

Bhow Result

[ PCA(Current Option)

- Compressive Strength at age of 28 days
- Elastic Modulus at age of 28 days

- Specific Creep Strain per unit Strength
= Norninal Ultimate Shrinkage Strain

l?f' ACI 209-R2

- Compressive Strength at age of 28 days
- Elastic Modulus at age of 26 days

= Mominal Ultimate Creep Coefficient

= Mominal Ultimate Shrinkage Strain

v EUROCDOE 2

- Compressive Strength at age of 26 days

- Elastic Modulus at age of 28 days

= MNominal Ultimate Creep Coefficient

= Dry Nominal Ultimate Shrinkage Strain

- &utagenous Nominal Uimate Shrinkage Strain

200018

a0

Specilie Creny

gy~ B3

™ - Compressive Strength at age of 28 days
= Elastic Modulus at age of 28 days
- Basic Creep Coefficients (g2, q3. qd)
- Drying Creep Coefficients (g5)
- Nominal Ultimate Shrinkage Strain

1@r~7 GL2000

- Compressive Strength at age of 28 days
- Elastic Modulus at age of 28 days
- Basic Creep Coefficients

" Strength & Creep ¢ Shrinkage Target Day [10000

- Drying Creep Coefficients (1st, 2nd)
= Mominal Ultimate Shrinkage Strain
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Construction Stages

- ConstructinSe... | = || @ || &2 | Constructin Stage (== =]
KLCC Construction Schedule (Structure & Fagade as of 20-AUG-2010) — ——
2011-11-24 Construction Period No Tile Date Days Story
St D 1 STAGE1 11-01-01_0 B1 A
00, - Start Date 2011010 - 2 STAGE? 110131 30 1F
2011-09-29 3 STAGE3 110302 60 oF
; 4 STAGE4 110401 30 oF
2011-08-04 -Finish Date | 2012-04-0¢ = 5 STAGES 110408 97 F
- (g 6 STAGES 110415 104 4F
- Curme e 0 - 7  STAGE7 110422 111 5F
2011-06-09 8 STAGEZ 110429 118 5F
3 STAGES 110506 125 6F
2011-04-14 Set Color of Date ... | 10 STAGE1D 10513 132 7
11 STAGET! 110520 133 9F
12 STAGE1Z 110527 146 9F
2011-02-17 13 STAGE1: 110603 153 10F
Load Stage 14 STAGE14 110610 160 12F =
2010-12-23 15 STAGE1S 110617 167 12F
[Coumn  _+] De 16 STAGE16 110624 17 13F
2010-10-28 Column A== 7 STAGET7 110701 181 15F
18 STAGE1R 110708 188 JlHE =72
19 STAGE1S 110807 218 17F
2010-08-02 Date Days 20 STAGE20 110814 225  14F
- 21 STAGEZ1 10821 232 17F
2010-07-08 Steel  |2011-010° > |0 22 STAGEZ 110828 239 18F
23 STAGEZ3 110904 246 20F
RC 20010140 ~ [0 24 STAGE 110811 253 20F
2010-05-13 25 STAGEZS 110318 260 23F
Form Duration 26 STAGEZG 110325 267 22F b
2010-03-18 7 STAGEZ7 110402 274 23F
Remove |2011-01-0° « |0 28 STAGE28 11-1009 281 24F
29 STAGE2S 111016 288 26F
2010-01-21 30 STAGED 111023 295 26F
Applyto Selected Elements | 31 STAGE3! 111030 3012 29F
32 STAGER? 111106 309 30F
2009-11-26 33 STAGE33 111206 339 31F
—+—Core 1 34 STAGE34 120105 369 32F -
2009-10-01 [ Color (+ Date Type
[I [sTaGE! [110101 [0 [B1
-=—Core 2 .
2009-08-08 [ Sting " Day Type
Frame & Floor i | pidete | Modfy
2008-06-11 )
e Curtain Wall Set Date Automatically... | S SER AT
2009-04-16 V' Add Element Birth Day of RC
Set Date by Story... | ¥ Add Form Removal Day of RC
2009-02-19 . - Set St
o @B L L LW T LUl LWLl Wlololols Lol Ll Ml WL WbLlLllllllllbiul ¥ Add Additional Loading Day age
ooy C—NﬂwI.n,ntBI‘-anOv—NE"IQLﬂ(DI“-EUU’JD\—NGVI-I’ILDI“—DJGJO'-NE"IH‘U!LDI“-EUU':OFN!‘!Q‘IﬂLDI"—EﬂChOv—NE"I?Lﬂ(DI"—!DO’:
=5 g e e e e g = NN ®OOMOOO MO MMM S S e o WU WD WD WD WD WD WD
85
g Leval fopy | OK | Cancel |
8 Ve QK Cancel

Complex construction schedules including shoring schemes can be easily imported

from tabulated ASCII file and important dates are chosen as analysis stages
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Displacement
Dxyz.

STAGE16

]
Total=Up+Sub t
g
Total -
MODE-13958 MODE-10824 ‘t
-
1.626E+002 9.306E+001 | S
H
NODE-1 NODE-1 | S
0.000E+000 0.000E+000 S
-~
W
mm :z
2.000E+002 | B
——
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= 3 —
== " —
=< o
= 834F+002 —
= .
= 1.776E+002 -
1.719E+002 | S
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e
—
1.261E+002  —
SO3EL00: 203E+00: —
1.203E+002 1.203E+002 88 ]
1.145E+002 1.146E+002 |50
—
089E+002 || 1.089E+002

1.031E+002 ||
9.742E+001
9.169E+001
8.596E+001
o e ; 023E+001
. 5 Lo P ! 7.450E+001
- It ar R i S E+001

1.031E+002
9T742E+001
9.169E+001
596E+001
023E+001
7AS0E+001 [
TTE+001
A04E+001
31E+001

Tiiiddl

4.584E+001
4.011E+001

4.584E+001
4.011E+001
E+001
E+001
2.292E+001
T19E+001
1.146E+001
5.731E+000
0.000E+000

KLCC Tower in Kuala Lumpur is a 58-story eccentrically arranged tall building. Well-. . ==
thought-out compensation was performed to prevent problems caused by movement
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g " Deflections
Il In Transfer Girder
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The transfer girder in the street Ievel is considered structurally important, preventing

the contractor from removing the temporary support unt|I the completlon ofiLeveI 3;3 -
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Vertical displacement of hodes in SV10 during construction
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B T T T In Transfer Girder
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The staged analysis of the transfer girder revealed the differences in member forces
and dlplacement Based on the result he suppor orts were removed after 1 month.
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# ¥ ¥ Cylinder #1

B BB Cylinder #2

© 0O Cylinder #3

= Regression analysis
mmee |nitial assumption

10 20 30

Time lapse (days)

40
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Axial strains (microstrain)
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»® X x Cylinder #1

B BN Cylinder #2

@ o # Cylinder #3
Regression analysis

==== |nitial assumption
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"For better monltrmg of building movement during constctldn the result of visual
survey by professional surveyor was combined with cutting- edge 3D laser scanning




Lateral movement of core 2 in x-axis at 7 years Comparison of lateral movement of core 2 in x-axis at
after completioin of construction (mm, elevator construction (mm)
including test results, 2010-8-19) " |

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 0 10 20 30 40 50 60 70 80 90 100 L

4 B SUBTO installation of slab & UPTO installation of SL

2 mUPTO installation of slab B Survey at stair well on 2011-4-27

STRT

mSUBTO installation of slab & UPTO installation of SL B Survey at lift core D on 2011-4-28

P1 —_—

mSUBTO installation of SL P3 03D Laser Scanning on 2011-5-8
e D -

The result of prediction of lateral movement of lift core at time of lift installation was
verified by both of visual inspection and 3D laser scanning.
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Site mgasurement usmg V|brat|ng-W|re straln gage shows the real deformatlon of the =
selected members under |ven loading condition and environment. .
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- *  Example of

350 F 41 75

N | measured
| . shortening
o L Suspended |

power supply

550 F | 4 55

650 | 1 4%

-700 4 40

Axial deformation (um/m)
a8
Temperature ( C)

-150 4 35

4 30

-850 - 25

-900 20

Column shortening was continuously measured with the variation of temperature in
this 2-year graph W|th some exceptlons due to suspendd pger suppIy
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Taehun Ha
| taehun.ha@agmail.com
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MNanjing Greenland Financial
Complex

Guangzhou International Finance
Center
City Dubai Taipei Shanghai SH Hong Kong HK Kuala Lumpur Manjing JS Chicago IL Guangzhou GD

International

Willis Tower
Commerce Center

Name Burj Khalifa Taipei 101 Shanghai World Financial Center Petronas Towers

Country United Arab Emirates Taiwan China China Malaysia China United States China



